Spectroscopic methods are a sensitive way to determine the chemical composition of potentially hazardous materials. Here, we demonstrate that thermally-tuned high-Q photonic crystal cavities can be used as a compact high-resolution on-chip spectrometer. We have used such a chip-scale spectrometer to measure the absorption spectra of both acetylene and hydrogen cyanide in the 1550 nm spectral band, and show that we can discriminate between the two chemical species even though the two materials have spectral features in the same spectral region. Our results pave the way for the development of chip-size chemical sensors that can detect toxic substances.
The past decade has seen a marked increase in the demand for compact, integrated devices that can reliably identify chemical and biological agents. Miniaturized spectrometers, in particular, have received much attention. Broadly speaking, two categories of on-chip spectrometers exist: Firstly, there are dispersive spectrometers, such as arrayed-waveguide grating (AWG) spectrometers, 1,2 superprism spectrometers, 3, 4 grating-based spectrometers, 5, 6 and on-chip implementations of the Mach-Zehnder geometry. 7 However, these devices tend to be rather large, with a resolution in wavenumbers (cm −1 ) typically given by 1/L, where L is the characteristic size of the dispersive region in cm. Spectrometers can also be constructed by cascading optical elements with narrow-band spectral responses, such as Fabry-Pérot filters, 8 grating couplers, 9 microdonut resonators, 10 photonic crystal cavities [11] [12] [13] etc. The operating principle of such a spectrometer is shown schematically in Fig. 1 (a), and can be described as follows:
The spectrum to be measured is injected into a bus waveguide that is coupled to a number of resonators, each tuned to a different wavelength. The light scattered by each resonator, either vertically, as in Gan et al., 12 or into output waveguides, as in Xia et al., 10 is monitored and used to reconstruct the input spectrum. The resolution of such a spectrometer is given by the spectral width of the frequency response of the individual elements, which is typically of the order of 10 GHz. Conversely, the total number of resolvable spectral lines, that is, the number of resonators that can be used, is limited by their free spectral range, that is, the separation between adjacent resonance frequencies of the cavity. Note that, in practice, the total number of resonators is limited by the loss introduced by each element for the non-resonant frequency component. The drawback of cascaded spectrometers is that they require additional optics to couple light into and out of the resonators, which increases the device size and complicates its operation.
In this letter, we demonstrate high-resolution spectroscopy based on a single tunable high-Q silicon photonic crystal (PhC) cavity that both emits into and is excited from the vertical direction, thus eliminating the need for a bus waveguide entirely [ Fig. 1 Fig. 2(a) .
The fabricated cavities are characterized using resonant-scattering spectroscopy. 15 In our experimental setup [ Fig. 2(b) ], the cavity axis is oriented at a 45
• angle with respect to the polarization of the incident light, which is set by a half-wave plate and a polarizer. A second polarizer, oriented at a 90
• angle with respect to the incident polarization, controls the polarization of light that reaches the detector. As a result of this arrangement, stray light reflected from the sample surface is suppressed, and only light that has scattered resonantly through the cavity is collected. The resonantly-scattered intensity can then be fit with a
Fano lineshape, from which we extract the resonance wavelength λ 0 and quality factor Q of the cavity. 16 For a typical cavity, Q is approximately 69000 [ Fig. 2(c) ].
To examine the dependence of the resonance wavelength on temperature, a heating element is attached to the sample mounting block. The temperature is monitored with a thermocouple and is stabilized using a proportional-integral-derivative feedback circuit. At each temperature point we record the resonance wavelength λ 0 and coupling efficiency η, which is given by the ratio of scattered to incident optical power. A linear dependence of λ 0 on temperature is observed, with a slope of 0.07 nm/ • C (Fig. 3) , which is consistent with what one would expect based on the temperature dependence of the refractive index of silicon. 17 The useful tuning range is approximately 1.5 nm for a temperature range of 20
The cavity Q-factor remains constant within 5% over this tuning range. Once characterized, the cavity can be used to perform spectroscopy with a spectral resolution of 0.02 nm (or, equivalently, 3 GHz or 0.1 wavenumbers at a wavelength range near 1550 nm), which is comparable to the resolution of a tabletop spectrometer. The cavity is illuminated with the absorption spectrum we wish to measure, and the scattered optical power O is recorded as the temperature of the chip is tuned. To facilitate integration into our setup [ Fig. 4(a) ], we use commercial fiber-coupled gas cells (Wavelength References Inc).
The acetylene cell is 5.5-cm long and filled to a pressure of 740 Torr, while the HCN cell is 16.5-cm long and filled to 150 Torr. Fig. 4(b) shows the transmission of the two gas cells, obtained by scanning a tunable laser over the wavelength range 1528.5 -1530.2 nm, which covers lines P6 -P8 of acetylene and R5 -R7 of hydrogen cyanide. The spectra measured using the PhC cavity, which are given by the ratio O/η, are also shown. Note that the alternating strength of the absorption lines seen in the spectrum of acetylene is due to the triple degeneracy of the antisymmetric rotational levels of this linear symmetric molecule, which is a result of the nuclear moments I H = 1/2 and I C = 0. 18 Hydrogen cyanide, which is linear but not symmetric, does not display such an intensity alternation.
We see that the resolution of our cavity spectrometer is adequate to resolve neighboring absorption lines of acetylene and hydrogen cyanide. In principle, even better performance could be achieved by carefully optimizing the design of the PhC cavities to further increase their quality factor. Similar cavities were recently demonstrated with Q factors exceeding one million. 19 Note, however, that in our current setup, the spectral resolution is limited not only by the cavity Q, but also by the stability of the thermal controller.
It is worth noting that by using a bus waveguide and multiple resonators, one could in principle perform parallel monitoring to decrease the data acquisition time. However, to construct a spectrometer of this type, we would need to fabricate a series of cavities whose resonances are equally spaced and span the target spectral range. The quality factor and resonance wavelength of PhC cavities can be chosen by appropriately tuning the design parameters, but not with arbitrary precision. Control is ultimately limited by the inherent imperfections of the fabrication process. Unavoidable imperfections in the resulting structure, such as sidewall roughness and lithographic inaccuracies, lead to variations in resonance frequency even among nominally identical cavities. 20 These variations become more pronounced for high-Q cavities, for which the uncertainty in resonance wavelength can be much larger than their resonance linewidth. As a result, unless these variations are corrected for, fabrication disorder limits the practical resolution of the spectrometer, as one is confined to using low-Q cavities only. Even though multiple techniques have been demonstrated, [21] [22] [23] [24] [25] controllable post-fabrication tuning of individual PhC cavities remains a technical challenge.
In summary, we have demonstrated an implementation of a chip-scale spectrometer based on a dynamically-tuned photonic crystal cavity. By utilizing a cavity optimized for vertical out-coupling, we avoid having to use a bus waveguide to couple light into and out of the 6 cavity, and thus drastically decrease the footprint of the device. By monitoring the light reflected by this cavity as a function of temperature we can extract spectral information with a resolution of 0.02 nm. Our device therefore overcomes the 1/L limit for the spectral resolution of dispersive spectrometers. A standard grating spectrometer would need a footprint with a scale size of at least 10 cm to achieve comparable resolution (0.1 cm −1 ).
